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1 Introduction

Most building structures are required by designesodo be able to resist fire.
However, until recently the manner in which firadiing has been handled by codes
has been different to the manner in which otheddoauch as gravity, wind and
earthquake have been handled. Whereas it hasnmesral to ensure structures are
able to resist these sorts of loads by means analty based calculations, fire
resistance is conventionally assessed by refeftlereaest known as the Standard Fire
Test. This test bears little relation to the kofdires that are likely to occur in real
structures and requires that the structural sysé=ted bears very little resemblance
to the behaviour of any but the simplest real stm&s. The shortcomings of the
Standard Fire Test have been highlighted by mariyoasi from both fire dynamics
and structural engineering perspectives. Deshite the test (or tabulated results of
it) is still widely used for routine structural dgs. Increasingly, however, designers
are recognising the lack of rationality that retyion the Standard Fire Test involves
and also finding that the limited range of struetuto which it may be applied
restricts the opportunities for using economic amubvative structural fire safety
designs

Some fire design codes have now introduced thehpligsof designing structures to
resist fire by calculation. In principle therefatés now possible for designers to treat
fire loading in the same manner as any other fofnfbad. However, for this to
happen it must be possible for designers to premiitt confidence how a structure
will respond to fire. Considerable research effas been dedicated in recent years
to providing the knowledge needed for this and mpobgress has been made. It
turns out that structural behaviour in fire in lallt the simplest cases is much more
complex than analyses based solely on loss of mbhtrength due to heating can
predict. A key aspect of the findings is that tiegstructural elements, such as beams
and columns, in isolation in a fire analysis isuiffisient. For accurate results to be
produced, either the behaviour of whole structusesthe behaviour of parts of
structures with appropriate boundary condition nhestonsidered. As a result in all
but the most straightforward cases numerical apraly@ae required to accurately
predict the strength and behaviour of structurdgen

The purpose of this datasheet is to distil the ggpee gained over the last decade or
so of modelling fire affected structures so thatvitemers to the field can rapidly
appreciate the requirements, challenges and cumeitditions of global modelling of
structures in fire.

2 Nature of Global Modelling of Structures

Analysing and designing structures for fire loadilsga particularly challenging
problem for structural engineers. To see that thighe case it is worthwhile
contrasting the analysis processes for ambienhajidtemperature structural design.
At ambient temperature a fortuitous combinatiorfaaits regarding loading, material



behaviour and design requirements mean that whalysang structures a number of
greatly simplifying assumptions may be made. il@ ¢onditions these assumptions
no longer hold and both analysis and design beamrespondingly harder.

At ambient temperature “actions” on a structuredgly result from a combination of
wind and gravity loading. Such actions are foraes are (or can reasonably be
assumed to be) non-varying when estimating strengils a result the stresses in
structures can be regarded as constant for eadhckxse and it is straightforward to
design for sufficient strength.  Simplificationsaynbe made as a result of most
commonly used structural materials being very .stifhis means that deflections can
be considered to remain small and geometric naality can generally be neglected
in analyses. In most structures, small deflestiare also ensured by serviceability
requirements. It is also usually possible touass either linear elastic or rigid-
plastic material behaviour, further simplifying thealysis process by removing the
difficulties of handling material non-linearity icalculations. This simplification is
even possible with concrete, which is a non-limaaterial, by use of equivalent stress
blocks.

The situation at elevated temperatures is veryeuifit for several reasons. The
actions on a heated structure are primarily tentpers, or more fundamentally heat-
fluxes, that result from exposure of the structirdnot gases and radiation. These
produce heating and, subsequent to a fire or asudtrof fire-fighting, cooling of the
structure. Since not all parts of the structuret leathe same rate, and because
structural elements expand when heated, stressg¢sath not present at ambient
temperature are produced within the structure. \@dethe stresses in a structure at
ambient temperature may be considered constast,ishnot the case in a heated
structure because thermal equilibrium will not acduring a typical fire. The inter-
play between thermal expansion, restraint to tkgaasion and the large deflections
commonly present in fire conditions, also resulstresses within structural members
varying during a heating-cooling cycle. There isreason why the largest stresses
should occur simultaneously with the peak of eittier applied heat fluxes or the
structural temperatures. A further complicatiorthiat heating and cooling will not
occur simultaneously in all parts of a structurdhis means stresses may be
increasing in some areas but decreasing in others.

High temperatures also affect structural materiaig€chanical properties with key
factors being loss of linearity, strength, moduarsd a clear yield point. These
changes mean that not only do the stresses withaated structure change with time
but so too does the structure’s strength, andnthist be considered during analyses.
A second consequence of heating is thermal expangks noted, if this is restrained
in any way, large stresses will result. Thermadamsion also frequently causes large
deflections to be present in heated structuresth@se deflections are caused by the
changing length of heated members it is not nedgsdhe case, as at ambient
temperatures, that they indicate impending failutadeed it may be the case that
large deflections allow thermally induced stresgede relieved. However, large
deflections do mean it is necessary to accountttier effects of geometric non-
linearity in analyses if accurate results are t@taeluced.

The above discussion shows that to get an accpratkction of structural behaviour
at high temperature it is necessary to considanalyses all the following factors that



may typically be excluded or disregarded under amtbconditions: material non-
linearity, geometric non-linearity, and time- ammnperature-varying strength. If a
structure is to be designed to resist fire it isassary to ensure the structure has
sufficient strength and fulfils other design regawents during the entire period it is
exposed to temperatures above ambient. The congpldxtime varying nature of
both stresses and strength in heated structuressme#s not possible to identify a
most serious set of applied temperatures in theesaay as a most serious load case
can be identified at ambient temperature. Fiedilog is a very rare example in
structural engineering where all these phenomenad néo be considered
simultaneously to predict behaviour. Blast andtheprake loading offer two
somewhat comparable forms of loading but in theseg other simplifications, such
as assuming a lumped mass, may be considered.

The complexity of the behaviour of heated struduhas traditionally not been
recognized in fire safety design calculations beeaassessing fire resistance has
almost always been done with reference to the @tanéire Test or has assumed that
individual elements of structure may be considereolation from each other. In
other words, structural fire design has tendedssume statical determinacy. In these
conditions high temperature strength calculationly meed to account for loss of
material strength to obtain a reasonably accuratecat temperature. However
almost all real structures contain a degree of mddocy and simplistic calculations
will not provide accurate estimates of strength.

3 Software

The complexity of even the simplest structural-far@blems means that a numerical
analysis will be needed. To date the finite-elemmethod has been used almost
exclusively and it seems likely that this will reimahe only realistic choice in the
foreseeable future. There are, however, choicdsetonade over the nature of the
code to be used. Finite element codes suitablestfoictural-fire analyses can be
broadly divided into two categories: commercial gah purpose codes such as
Abaqus, Ansys, Oasys, LS-Dyna etc; and researcbdbaedes such as Vulcan,
Adaptic and Safir. Commercial codes have theaathges of being faster and able
to handle larger problems than research codesy dlse tend to have a wider range
of capabilities outside fire engineering so if austure needed to be analysed for
several loading conditions, perhaps fire and sedoading, only one model would be
needed. Commercial programs are, however, costlyn@rmally restrict the ability
of the analyst to extend or alter the code. Thlack-box” aspect can be frustrating if
numerical convergence is not achieved but the reafwr this non-convergence can
not be fully investigated. By contrast researchesoténd to be much cheaper and the
analyst may have access to the code and thus &d¢cadtiapt it according to need.

4 Types of Analysis

There are also several decisions to be taken regate type of analysis to be
undertaken. Depending on the situation any ofdhewing may be required

* An analysis where the mechanical loading is heldstant while the thermal
loading varies. This represents most fire scesagasonably accurately and



is the most common form of analysis. Typically #realysis would be broken
into two load steps, the first being the mechanicatling and the second the
temperature loading.

An analysis with increasing mechanical loading wtithe thermal loading is
held constant. Such an analysis could be useddatie ultimate mechanical
loading for a specific temperature.

Both mechanical and thermal conditions are timeeddpnt. While probably
strictly the case for most structural-fire problereach analyses have rarely
been performed and for most buildings structuresldvel of detail does not
seem to be required. Obtaining accurate estimafeshe variation of
mechanical loading as a fire developed would biécdit.

There are also various means by which the temperédading can be represented

The temperature within the structure can be smetitind then a purely
mechanical analysis performed. This requires that temperatures are
available either from estimates (perhaps based imples heat transfer

calculations) or test data.

The temperature within the structure is calculdteded on a finite-element
heat-transfer calculation conducted separatelyht® mechanical analysis.
This requires knowledge or an estimate of eithersiirface temperature of the
structure through time or the net heat-flux at theface of the structure
through time.

A fully-coupled thermal-mechanical analysis. Imggmal this is not required

for structural-fire problems as there is only weadupling between heating
and stresses/strains. However, there may be $psmamstance when it

would be needed. One advantage of this approatfaionly one analysis is
required and so no data transfer from a heat-eareshalysis to an stress
analysis need be undertaken.

The most appropriate numerical scheme used forvanganalysis must also be
selected.

A gquasi-static stress analysis. Here time is aptorsical solution parameter
and no time dependent phenomena, such as inertiasf@r creep, can be
represented. Since inertia effects are not madielach an analysis is only
appropriate for predicting structural behaviour véhstructural movement is
slow; quasi-static analyses are not suitable fdepse analyses where large
inertia forces will be developed. Convergence |enois may arise from local
buckling instabilities within a large structure wihis kind of analysis.

A dynamic stress analysis. Here time is a physiodl so inertia forces can be
captured. Dynamic explicit analyses use a contlfly stable numerical
scheme and so can take a long time to reach a@olmd mass-scaling may
be required. Full-collapse behaviour can be medellith this kind of
analysis. Since dynamic explicit numerical modei generally reach a
solution of some kind, even if it is not a physiganeaningful one, it is
recommended that very careful benchmarking is uaken of such models.
This process may include running a quasi-statidyarsauntil inertia forces
become significant and comparing the results with tlynamic analysis
predictions.

A heat-transfer analysis - either coupled or updsa



5 Materials

5.1 Steel

Fairly well-behaved and well understood
Stress, strain, thermal expansion data all widedylable eg Eurocodes.

5.2 Concrete

Complex material behaviour not fully understoothigh temps (or ambient
temps?)

Different behaviour in tension and compressiarst be modelled
Representing crushing and cracking numericallyialift

Smeared cracking and approximations may be possitdails of local
behaviour will not affect global response...

...mostly true of steel-concrete composite type stmas. Validity for other
structural forms less clear

Research area, much to be done

Current possibilities

Modelling of steel structures

Modelling of composite structures e.g. Cardington

Modelling of collapse e.g WTC modelling

Design of composite structures e.g. Arup projects

Should include a wider perspective here — lan’s J@ah-Marc’s projects and
others

7 Future needs and current limitations?

Modelling of local effects not currently includedinodels: connections, shear
stud behaviour, effect of web openings need tobkided without killing the
model

Concrete behaviour (need test data, agreementratittdive models)

Cooling (in hand)

Travelling fires

8 Benchmarking Problems

Benchmarking problems would be useful if new caalesbeing used or for
new practitioners to establish they are producimgdgmodels.



